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Ah&act-Natural convection in horizontal enclosures with multiple partitions is experimentally studied 
for a wide range of Rayleigh numbers. A thin partition with a high conductivity is employed. The heat 
transfer rates, temperature distributions and flow visualizations reveal that natural convection in each cell 
constructed by the partitions is identical to the ordinary Benard problem, i.e. thermal coupling by con- 
duction through partitions is minute. It is also found from an engineering standpoint that the horizontal 
and vertical enclosures are equivalent in the thermal insulation capability of partitions under the same 

conditions, in spite of different flow patterns. 

1. INTRODUCTION 

NATURAL convection in a fluid layer held between 
two parallel isothermal surfaces is important to many 
scientific and engineering disciplines. If the density 
gradient is normal to the gravitational acceleration 
vector, e.g. a differentially heated vertical enclosure, 
there will always be fluid motion. On the other hand, 
if the density gradient is parallel and opposite to the 
gravitational field, e.g. a horizontal enclosure heated 
from below, there is a critical density gradient below 
which no convection is possible. Several excellent 
reviews of the literature [l-3] have been published and 
there is no need to repeat them here. 

The problem of primary interest in the literature is 
that of an enclosure with no partitions. However, in 
practical cases, multiple partitions are inserted into 
the enclosure to reduce heat losses by natural con- 
vection and thermal radiation. Heat transfer within 
enclosures containing partitions has been addressed 
in several investigations. Most of the studies dealt 
with heat transfer in a differentially heated vertical 
enclosure [4-121. In particular, the present authors 
[12] proposed a boundary layer solution for multiple 
partitions and confirmed its validity by experiments. 

On the other hand, there are very few studies for 
a horizontal enclosure heated from below. Recently 
Lienhard [13] predicted the Rayleigh-Benard stability 
limit for the multilayer situation interspersed with 
conductive partitions. However, heat transfer for the 
development of natural convection does not appear 
to have been studied previously, except for a single 
partition at low Rayleigh numbers [14]. Also Kamiuto 
[15, 161 studied theoretically the design criteria for 

multilayer systems, and he concluded that equal 
spacings of the partitions yield the minimum heat trans- 
fer rate. However, the validity of the assumptions 
included in the analysis is not confirmed. Namely, he 
assumed that the partitions are isothermal and that 
natural convection in each cell constructed by the 
partitions is identical to the ordinary Benard problem. 
Hereafter this analytical model is referred to as an 
isothermal partition model. 

In this paper, natural convection in each cell con- 
structed by multiple partitions equally spaced in a 
horizontal layer, as shown in Fig. 1, was exper- 
imentally studied for a wide range of Rayleigh num- 
bers to confirm the validity of the isothermal partition 
model. 

2. EXPERIMENTAL APPARATUS 

AND PROCEDURE 

Figure 2 shows a schematic diagram of the exper- 
imental apparatus. The main parts of the apparatus 
are the cooling part, the test section and the heating 
part. The test section consisted of a rectangular 
enclosure made of a lucite frame (20 mm thick) placed 
between two copper plates (12 mm thick) cor- 
responding to the cold and hot walls. The following 
two kinds of enclosures were used in this study: the 
length and width of the enclosures were fixed (L = 300 
mm and W = 200 mm) and the height was variable 
(iY = 30 and 7.5 mm). The heating part consisted of 
the main heaters and the guard heaters mounted on 
the rear side of the main heaters across a bakelite 
plate. These heaters were divided into four parts to 
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Greek symbols 

; 

thermal diffusivity of fluid 
volumetric expansion coefficient 

4 thickness of conduction layer 

vl reducing rate of heat transfer defined by 
equation (9) 

8 dimensionless temperature, 

(T- TJI(T,- TJ 
a thermal conductivity of fluid 
V kinematic viscosity of fluid. 

NOMENCLATURE 

maintain a uniform temperature distribution on the 
hot wall. A cooling chamber was attached to the rear 
side of the cold wall, and the wall temperature was 
maintained uniform by introducing a sufficiently large 
amount of temperature-controlled brine from a 
refrigerator. The temperatures were measured by 
using 100 pm diameter copper-constantan thermo- 
couples tixed at the positions shown in Fig. 2. 
In order to minimize the heat loss, the experimental 
apparatus was covered with polystyrene foam insu- 
lating material 60 mm thick and in addition the appar- 
atus was located in a temperature-controlled room. 
The partition was made of a thin copper plate, 100 
pm thick, which was the same as that used for vertical 
enclosures in the previous work [12]. The number of 
partitions was varied from 1 to 3. The working fluid 
was water. Experiments were carried out by changing 
the temperature difference between the hot and cold 
walls (AT = 3-15 K). The experimental data were 
taken after the thermal and fluid-dynamic conditions 
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TI 
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FIG. 1. Schematic diagram of a layer with partitions. 

had reached a steady state. It took approximately 7- 
12 h to reach steady-state conditions. 

In addition, the flow in each cell divided by par- 
titions was observed by the phenolphthalein method 
in order to understand the natural convection modes 
for this c.stern. The details of this method have been 
described in the literature [ 17, 181. Small quantities of 
phenolphthalein, sodium chloride and ethyl alcohol 
were added to distilled and degasified water, without 
significantly affecting the properties of water. Electric 
leads from a dc. supply were connected to the ends 
of hot and cold walls and partitions made of a copper 
plate. 

3. EXPERIMENTAL RESULTS 

AN0 DISCUSSION 

The heat transfer rate across the enclosure was 
measured electrically, monitoring the power dissi- 
pated in the main heaters (Fig. 2). The heat transfer 
measurements are presented in Fig. 3, where the over- 
all Nusselt and Rayleigh numbers are defined as 

Nu = QH/(LAT) (1) 

Ra = g/lATH3/(va). (2) 

The physical properties appearing in the above defi- 
nitions have been evaluated at the end-to-end average 
temperature OS(T,+ TJ. 

The Nusselt number for no partitions is in good 
agreement with the correlation of water by Hollands 
et al. [19], in spite of the values of the aspect ratio of 
the enclosure (H/L = 4 and 10). That is, horizontal 
enclosures have no effect on aspect ratio, contrary to 
vertical enclosures. 

In the case of partition, the Nusselt number 
decreases drastically on increasing the number of par- 
titions N, but the introduction of the partition does 
not produce a proportional reduction in heat transfer. 
The dotted lines also shown in this figure denote the 
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FIG. 2. Experimental apparatus. 
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heat transfer correlations estimated by the isothermal 
partition model described in Section 1. The model 
assumes that natural convection in each cell con- 
structed by partitions occurs independently, i.e. it is 
identical to the ordinary Benard problem, and also 
neglects the effects of wall thickness and wall resist- 
ance in consideration of the experimental condition, 
e.g. a thin partition with a high conductivity. Also 
shown on the graph, the points marked by an arrow 
represent the critical Rayleigh number for the onset 
of convection by Lienhard 1131. The effects of wall 
thickness and conductance are considered in the cal- 
culation of the critical Rayleigh number. These critical 
values are slightly smaller than those estimated by 
the isothermal partition model, indicating a thermal 
coupling by conduction through partitions. However, 
after the onset of convection, the experimental data 
agree with the heat transfer correlations by the iso- 
thermal partition model for any value of N. It is con- 
tirmed that the thermal coupling is minute in the range 
of high Rayleigh numbers for this system. 

A re-plot of Fig. 3 appears in Fig. 4, which depicts 
the relationship between cell Nusselt and Rayleigh 
numbers. These numbers are defined as follows : 

Nu, = QH’/(nAT’) (3) 

Ra, = gbAT’iY”/(va). (4) 

By con6rmation of the isothermal partition model, 
the temperature difference across the cell constructed 
by the partitions AT’ and the height of the cell H’ are 
given as 

AT’ = AT/(N+ 1) (5) 

H’ = H/(N+ 1). (6) 

All data almost lie on the heat transfer correlation for 
no partition in a wider range of Rayleigh numbers. 
The change in the flow pattern accompanying a vari- 
ation of Rayleigh number for a water layer with no 
partition is also shown on this figure. These flow pat- 
terns were previously observed by Krishnamurti [ZO]. 
This experimental range belongs to regions B, C and 
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FIG. 3. Nusselt number vs Rayleigh number. 
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FIG. 4. Cell Nusselt number vs cell Rayleigh number 
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FIG. 5. Sample photograph of the turbulent flow by the phenolphthalein method. 

D which correspond to a steady three-dimensional 
flow, time-dependent flow and turbulent flow, respec- 
tively. In order to confirm this, the flow pattern for the 
case of partition was observed by the phenolphthalein 
method. Flow visualizations showed that the flow pat- 
terns in this experimental range change from steady 
three-dimensional flow to turbulent flow. Thus the 
flow pattern in each cell is identical to that for the case 
of no partition, as well as the heat transfer rate. For 
example, the photograph of the flow pattern for tur- 
bulent flow is shown in Fig. 5. Thermals appear at 
random in each cell. 

Figure 6 shows a mean temperature distribution 
across the enclosure for the case of turbulent flow. 
The solid line represents the temperature distribution 
estimated by both the isothermal partition model as 
mentioned above and the conduction layer model by 
Hollands et al. [19] who considered the heat transfer 
to be conducted through a layer of stagnant fluid near 
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FIG. 6. Vertical temperature profile. 
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FIG. 7. Comparison of vertical and horizontal enclosures in Nusselt number. 
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the walls (called the conduction layer). The thickness 
of the conduction layer 6, is estimated from the Nus- 
selt number. For this experimental condition, 26,/H 
has a value of 0.0395. Experimental data measured 
by thermocouples inserted into the enclosure sat- 
isfactorily agree with the solid line, as expected from 
the results of heat transfer rates and flow visu- 
alizations. It should be noted that instantaneous sig- 
nals of the thermocouples are fluctuating with a long 
period, e.g. of the order of 15-30 s, because of the 
thermals. 

4. COMPARISON OF HORIZONTAL 

AND VERTICAL ENCLOSURES 

Next we compare horizontal enclosures with ver- 
tical enclosures in heat transfer under the same con- 
ditions. The heat transfer correlation for vertical 
enclosures has previously been obtained in a laminar 
boundary layer flow region [12]. The following cor- 
relation is recommended : 

Nu = 0.297R~“~(N+ I)- ‘(L/H)- “4. (7) 

On the other hand, the heat transfer correlation for 
horizontal enclosures is obtained from the correlation 
with no partitions. Because the isothermal partition 
model is available for this system, contrary to the 
vertical enclosure. Thus the heat transfer correlation is 
given by the relationship of Fig. 4 in this experimental 
range as follows : 

Nu = O.l58[Ra/(Nf 1)4Jo.283. (8) 

Figure 7 shows a comparison of the horizontal and 
vertical enclosures in heat transfer. On the whole, the 
heat transfer rate for the horizontal enclosure is larger 
than that for the vertical enclosure, and the tendency 
becomes remarkable for a higher aspect ratio. This 
difference is due to the flow patterns. That is, the flow 

pattern for the vertical enclosure is a type of laminar 
boundary layer along the walls or the partitions, while 
the flow pattern for the horizontal enclosure belongs 
to turbulent flow in which the heat is transported 
primarily by the thermals. 

Returning to the engineering application which 
motivated this fundamental study, we now assess 
the thermal insulation capability of the multiple 
partitions. The reducing rate of heat transfer tl is 
defined as 

rl=l-NuJNh (9) 

where Nr+, is the Nusselt number with partitions and 
Nuo is the Nusselt number without partitions. 

Using equation (8), rl for the horizontal enclosure 
is obtained as 

rj = 1 - l/(N+ l)‘.‘*. (10) 

The value of v for the vertical enclosure has been given 
in the previous study [ 121. 

Figure 8 shows a comparison of the vertical and 
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horizontal enclosures in n. Although the relationship 
of q is different between the vertical and horizontal 
enclosures as expected from a comparison of heat 
transfer correlations of Fig. 7, the value of q is almost 
identical for both enclosures. Thus it is found that the 
horizontal and vertical enclosures are equivalent in 
the thermal insulation capability of partitions from 
an engineering standpoint. 

5. CONCLUSIONS 

Natural convection heat transfer in horizontal 
enclosures with multiple partitions was investigated 
experimentally. The enclosure was bounded by iso- 
thermal horizontal walls at different temperatures and 
adiabatic vertical walls. A thin partition with a high 
conductivity was employed and the partitions were 
equally spaced in the enclosure. 

(1) The measurements of heat transfer rates and 
temperature distributions and flow visualizations 
reveal that natural convection in each cell is identical 
to the ordinary Benard problem. 

(2) The horizontal and vertical enclosures are 
almost equivalent in the thermal insulation capability 
of partitions, in spite of different flow patterns. 
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CONVECTION NATURELLE DANS DES CAVITES HORIZONTALES AVEC 
PLUSIEURS CLOISONS 

RCum6-On ttudie experimentalement la convection naturelle dans des cavites horizontales avec plusieurs 
cloisons, pour un large domaine de nombre de Rayleigh. On emploie une fine cloison a haute conductivite. 
Les flux thermiques, les distributions de temperature et les visualisations d’ecoulement montrent que la 
convection naturelle dans chaque cellules formde par les cloisons est indentique au probleme ordinaire de 
Btnard, avec faible couplage thermique par conduction a travers les cloisons. On trouve aussi, du point 
de vue de l’ingenieur, que les cavitts horizontales et verticales sont equivalentes, du point de vue de la 

capacite d’isolation thermique, en d&pit des differentes configurations d’ecoulement. 
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NATURLICHE KONVEKTION IN HORIZONTALEN HOHLRAUMEN MIT 
MEHRFACHER UNTERTEILUNG 

Zusammenfassnng-Fiir einen weiten Bereich der Rayleigh-Zahl wurde die nattirliche Konvektion in 
horizontalen Hohlr~umen mit mehrfacher Unterteilung experimentell untersucht. Dabei werden dtinne 
Trennbleche mit hoher Leitftigkeit verwendet. Die iibertragene W&me sowie die Temperaturverteilungen 
und Strijmungsbilder zeigen, da6 die natiirliche Konvektion in allen von den Teilungen erzeugten Z.&n 
mit dem gewiihnlichen Bbnard-Problem identisch ist, d.h. die thermische Ankopphmg durch W3rmeleitung 
in den Trennblechen ist sehr gering. Fiir die praktische Anwendung wurde aul3erdem erkazmt, dag hori- 
zontale und vertikale Hohlrlume bei gleichen Bedingungen in ihrer W~rmediimmwirkung gleich sind- 

trotz unterschiedlicher Stromungsmuster. 

ECTECTBEHHAI KOHBEKI&kiJl B l-OPWOHTAJIbHO BbITIIHYTbIX l-IOJIOCT~X C 
EOJIbIUkIM KOJIMWCTBOM IIEPErOPO~OK 

hmoTupg-3KclIepEMeHTabHo HccnenyeTcff eCTeCTBCmrax KOHBexUEa B rOpH30ETWIbHO BblTHHyTbIx 
nonoc~nx c 6onbnxHM POJWWTBOM neperoponox B uuipo~o~ ma3oHe 3HaPen&i wwxa Psnes. Hcno- 
JIbSyh3TCJl TOHltAe IIeperOpOJWi C BbIcOKOii TellJIOnpOBOAWXTbIO. ~OJIyWXlHbIe 3HWIeHM L03l$&i- 

meaTa Tennoneperroca, pacnpenenemfa TehmepaTyp H mf3ymabIe Ha6moRemra 38 wxemfeM 
IIOICX&IBUOT,'lTO eCWCTBeHHBIIKOHBeKI@iK B KaXAOtiH3 06pa3OBKEHbIx neperopo~ahm aneke npenc- 
TaBJMW co6oB 06b1¶HyO POliMKUHIO &TAapa, T.e. -enepe~wiTemonaucpe3 lIeperopoJJKEHe3- 
H84SiXJIbHO. c lT&WCTH¶~KOi-i TOWSi 3pHHK IIC&hTOpO~ B ~O&Mi3OHTiUIbRbIx H BCpnOr&7bHbtX 

IIOJIOCTRX B OLWHBKOBbD( YCJfOBHax CO3LWOT OPJiHllKOBbdi TWUIOH3OJlHpyIoIlViit 3f$@W HCCMOTpa Ha 
pa3miw&l xapalrrep Teqemis B ~THX nonocrxx. 


